Summary: A review and a reappraisal are presented of earlier data on cerebral circulatory and metabolic studies in normal active elderly men (Group I) of mean age 71 years, compared with normal young subjects of mean age 21 years, conducted at the National Institutes of Health, Bethesda, MD, U.S.A., during [1956][1957][1958]. There was no significant difference in the mean CBF and cerebral met abolic rate for oxygen (CMR02) values between the two populations; i.e., these important parameters did not fall with chronological aging per se. There was significant depression in the mean cerebral metabolic rate for glu cose (CMRG) value (by -23%) in the aged compared with the young. Newer methods using positron emission to mography and appropriate isotopes have confirmed these findings in normal aging in human subjects and experi mental animals. As expected, MABP and cerebral vas cular resistance (CVR) were significantly elevated in the normal aged. MABP was even more elevated in elderly hypertensive subjects, and the CVR more elevated in the subjects with arteriosclerosis (Group II), who also
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The World Health Organization designated 1982 as "the year of the aged," in view of the global increase of the elderly population. Whereas the av erage life expectancy in India is now � 54 years, the 1 showed a small but significant fall in CBF and in internal jugular venous Po2• The CBF showed a more pronounced fall in senile aged patients with chronic brain syndrome (Group III), in whom the CMR02 also showed a marked drop (by -22%); the CMRG fell still further (-40% of that in the young). Of the few aged subjects followed up after a lapse of 11 years by a repeat estimation of the same physiological and psychological parameters and of the EEG, most showed clear worsening, together with a fall in overall physical and intellectual performance, prob ably related to a rise in CVR and an increase in athero sclerosis with aging. Over this period, the number of sur viving subjects fell strikingly from Group I to II to III. Our own limited observations and a brief review of the literature on "degenerative" and "vasogenic" dementias suggest that senile dementia, i.e., abnormal cerebral aging, results from the operation of both these factors or from one alone. Key Words: Brain metabolism-Cere bral blood flow-Glucose utilization-Normal aging Pathological aging-Senile dementias.
actual number of people aged 60 years and over, in 1980, was the same in India and in the United States, i.e., � 33.9 million, according to the latest United Nations Population Division report (Selby and Schechter, 1982) . A fact of even greater impor tance for India is that by the year 2000, we shall have nearly 66 million people age 60 and over, rep resenting �6.6% of our anticipated total population of nearly 1 billion people (Selby and Schechter, 1982) . This article is concerned with data on cere bral circulation and metabolism in "normal aging," i.e., in active, asymptomatic, community-resident, aged subjects, and in "pathological aging, " i.e., in those with a few or more signs of a cardiovascular disorder, with or without cerebral symptoms in cluding senile dementia in some. Senile dementia is further discussed in light of some relevant physio-logical parameters of degenerative and vascular de mentias.
An attempt is made to report and discuss the prin ciples and the results of studies carried out by Dastur et al. (1963) at the Laboratory of Clinical Research, National Institute of Mental Health (NIMH) in Bethesda, MD, U.S.A., more than 20 years ago. This was part of a multidisciplinary study on human aging (Birren et al., 1963) . The four im portant parameters observed in this in vivo study were CBF, cerebral vascular resistance (CVR), and the cerebral metabolic rate in terms of oxygen con sumption (CMR02) and glucose utilization (CMRG). While Kety (1956) , reviewing the subject of cerebral circulation and metabolism until 1955, had concluded that there was a fall in these param eters with aging, he and colleagues at NIMH felt that there had been an uncritical selection of sub jects in these earlier studies, in that elderly patients in hospital wards or in institutions had been in cluded. As investigations on such patients could not give an accurate idea of brain circulation and me tabolism in normal aging, it was decided to carefully select elderly men who were still physically and mentally active in their vocations and communities. Hence, in the extensive investigation during 1956-1958, "normal" aged subjects, of mean age 71 years and all over 65 years, were studied and compared with young control subjects of mean age 21 years, and with small groups of elderly subjects having hypertension, arteriosclerosis, or senile psychosis. A follow-up study at NIMH on some of these el derly subjects, after a lapse of 11 years, reported by Libow et al. (1971) , is also briefly referred to herein because of its relevance to the exhaustive earlier investigation.
PRINCIPLES AND PROCEDURES
The method devised by Kety and Schmidt (1948a) , and so fruitfully employed by Kety and col leagues for the estimation of the blood flow of the whole brain in vivo depends on the simultaneous measurement of the levels of an inert gas such as nitrous oxide (N20) in an arterial sample and in ve nous blood returning from the organ concerned, in this case, the whole brain, over a period of 10-15 min, by which time the concentration in these two samples reaches equilibrium.
The arterial needle was inserted in the femoral artery and the venous needle in the superior bulb of the internal jugular vein on one side. The blood from the bulb of only one internal jugular vein is thought to be representative of the venous return
from the whole brain, as blood from the cortex is mixed with that from the white matter and deeper structures, through the mingling of the blood from the deeper veins and the superficial venous sinuses. Blood from the two sides merges at the confluences of sinuses including the' 'torcula herophili. " There is not more than 3% contamination of the brain's blood in the superior "bulb" by extracerebral blood (Kety and Schmidt, 1948a) , a negligible factor. N20 was inhaled at a concentration of 15% (along with 21% O2 and 64% N2) through an open system, i.e., a tightly fitting mask equipped with inspiratory and expiratory valves to ensure a constant tension of N20. The N20 concentration in the paired samples of arterial and venous blood was then determined by the manometric method of Van Slyke and Neill.
The arterial and venous concentration curves are plotted, as shown in the figure given by Kety and Schmidt (1948a) in their original paper, and from them the CBF can be calculated by the application of the Fick principle. This postulates that the quan tity of any substance taken up in a given time by an organ from the blood that perfuses it is equal to the total amount of the substance carried to the organ by the arterial inflow minus the amount re moved from it by the venous drainage during the same time period. The main steps of the equation necessary for calculating the CBF by the applica tion of the Fick principle are also given in that paper (Kety and Schmidt, 1948a) .
Blood oxygen and carbon dioxide contents were also determined by the manometric method, but the blood oxygen saturation was measured directly by the Triton X-I00 spectrophotometric technique. Blood glucose concentration was estimated by the Nelson-Somogyi method. The MABP was mea sured directly in the femoral artery by means of a mercury manometer adjusted to the level of the ca rotid artery, and the mean internal jugular venous pressure (MJVP) using a strain gauge.
The following functions were computed from the directly measured variables described above. CMR02 and CMRG were calculated as the products of the CBF and arteriovenous oxygen [(A-V)02] and glucose [(A-V)G] differences, respectively. The 0rto-glucose ratio was determined from the molar values of (A-V)02 and (A-V)G' and the cerebral respiratory quotient was obtained by division of the cerebral arteriovenous CO2 difference by (A-V)02' CV Resistance, the ratio of the cerebral blood pressure gradient to blood flow, was calcu lated as the ratio of the MABP-MJVP difference and the CBF.
Further details of the principles and the applica-tion of the various procedures briefly mentioned here have been discussed by Kety and Schmidt (l948a) , Lassen (1958), and Sokoloff (1966) .
OBSERVATIONS AND COMMENTS
Normal aging Ta ble 1 sums up the main findings in 26 normal elderly men (Group I) compared with those in 15 normal young subjects. It is seen that there was no significant difference in the CBF or CMR02 be tween the normal aged subjects of mean age 71 years, who were asymptomatic and functioning ad equately in their respective environments, and young subjects with a mean age of 21 years only. Thus, aging per se produced no change in these two important physiological parameters. There was, however, a statistically significant reduction (of �23%) in the brain's utilization of glucose, sug gesting, perhaps, that aging produces subtle changes in cerebral metabolism that result in the lowering of the CMRG before a reduction in CMR02 becomes apparent (Dastur et aI., 1963) . Even assuming complete oxidation of glucose, nor mally there is slightly more glucose utilized by the brain than can be accounted for by the oxygen con sumption (Sokoloff, 1966) .
As expected, two other variables that showed a significant difference between the normal young and the normal aged were the MABP and CVR, both being higher in the aged (Table 1) . In elderly men with miscellaneous asymptomatic diseases, the MABP and CVR were still further elevated, and for the first time the CBF showed a slight but statisti cally significant fall (by � 16%) ( Table 1) . Despite this, the cerebral oxygen consumption did not show any significant reduction (only �9%), a finding re ported earlier by Kety et al. (1948) in subjects with essential hypertension. Kety and Schmidt (l948b) further showed that in every case the change in CBF was due to a change in CVR.
Pathological aging
Ta ble 2 summarizes the same physiological pa rameters in four successive sets of elderly men with increasingly affected disorders (Group II). It is seen that as one proceeds from otherwise normal subjects with hypertension to those with normoten sive arteriosclerosis, both the MABP and the CVR were significantly higher in the former group but the CBF was significantly lower in the latter, com pared with both the normal young and the normal elderly subjects. These data demonstrate that it is not the MABP but the arteriosclerotic changes that are the critical factors tending to reduce the CBF (by � 16-22%). The CMR02 also tended to be low, although not significantly so, in both the normoten sive and hypertensive arteriosclerotics (Table 2) by �8 and 12%, respectively. In this context, it is in teresting to note the recent finding of Globus et al. (1983) that the decline in regional CBF in the frontal, temporal, parietal, and occipital regions was not limited to normal elderly subjects, but a fall of � 11 % was already observed between the youn gest group (under 30 years of age) and the next age group; i.e., it was a progressive phenomenon that began at an early age.
Our last group of patients, those with chronic brain syndrome with psychosis (Group III) (Table  2) , showed not only significant reduction of CBF but, for the first time, very markedly reduced ox ygen consumption (by �22%) and glucose utiliza tion (by �40%), when compared with the normal young subjects, and lesser but significant reduc tions even when compared with the normal elderly men. This was probably a reflection of the wors- ening cerebrovascular status in these patients. Al though it is not shown in the tables included here, all arteriosclerotic subjects also evidenced signifi cantly reduced internal jugular venous POz (JVP02), with an average of 33 mm Hg, compared with a mean of 35.9 mm Hg in the normal aged. This has been shown in the earlier detailed report by Dastur et al. (1963) . Our colleagues in psychiatry taking part in this multidisciplinary study detected mild manifestations of mental decline in 11 of the 48 community-resident, aged males, and found this to relate to the occurrence of arteriosclerosis and to reduced CBF and CMR02, but not solely to chro nological aging (Butler et aI. , 1965) . They further divided the chronic brain syndrome cases into the paranoid and the confused, and found that the former maintained adequate metabolism and cir culation compared with the latter. Ta ble 3 gives limited but thought-provoking data on eight of the same elderly subjects investigated initially and then 11 years later (Granick and Pat terson, 1971; Libow et aI. , 1971) . On the whole, they found the MABP unchanged, the CVR in creased, and the CBF decreased, and felt these changes to be the effects of cerebral arterioscle rosis. On attempting to relate these changes to mor tality among the patients followed up, they found no significant relationship to CBF, CVR, CMR02, or JVP02, but only a positive relationship with ele vated MABP. A further interesting correlation to mortality was found by Libow et al. (1971) in the EEG records of the second period compared with the first. There were lower peak occipital frequen cies and a higher percentage of fast activity in sub jects who died by the time of the II-year follow-up. Four of the survivors who developed chronic brain syndrome had obvious EEG changes consisting of an increase in slow activity. One remarkable subject (no. 59), who had no evidence of arteriosclerosis originally, showed overall improvement in physical and mental performance, with actually reduced CVR, significantly increased CBF, and no wors ening in the EEG record, at the time of follow-up when he was 85 years old.
In the ll-year follow-up study, the single feature of survival showed striking differences in the three groups (Granick and Patterson, 1971) . Ta ble 4 sum marizes these along with the clinical and physiolog ical parameters. Whereas 17 of the 27 subjects in Group I survived, only 6 of the 20 in Group II and none of the 9 in Group III did. Libow (1971) has discussed a series of prognostic or "predictor" fac tors correlating with the greater mortality and mor bidity in Groups II and III, which are of relevance. The first three of these factors (listed in Ta ble 5) indicate greater atherosclerosis, i.e., a direct vas cular change related to hypertension. Very chronic smoking was also, as expected, a bad prognostic factor. Items 5-7 in this list pointed to a negative protein-calorie balance as predictors of abnormal aging. On the psychological front, disorganized be havior or lack of adaptation was the single most revealing feature of pathologic aging.
Recent findings with newer methods in normal aging and in vasogenic and degenerative dementias
Our finding at NIMH (Dastur et aI., 1963 ) that the CMRG fell even more significantly than the CMROz in both normal and pathological aging was later confirmed by Gottstein et ai. (1970) , who also demonstrated the alternative cerebral utilization of ketone bodies as substrates for oxidative metabo lism. Hoyer (1978 Hoyer ( , 1982a has also demonstrated a greater fall in CMRG with aging, and critically re- 6. Low body weight 7. Reduced thyroxine (with aging) Items 5-7 together suggest negative protein-calorie balance.
Organization of behavior (adaptation)-disturbed (organiza tion of daily details of activity)
From Libow (1971) .
viewed the subject of brain circulation and metab olism in normal states and in dementias.
The earliest observation of a fall in CMR02 (along with that in CMRG) in senile dementia appears to be that of Freyhan et al. (1951) , which was con firmed independently by Lassen et al. (1957) . Lassen et al. (1960) carried out bilateral cerebral uptake studies on normal and demented aged sub jects and suggested that a modest fall in CMROz in the brain as a whole might actually be the reflection of a greater fall in the dominant hemisphere, espe cially in the frontal and temporal lobes, where a greater selective reduction in the density of neurons has been reported with aging (Brody, 1955; Shefer, 1973) . Frackowiak et al. (1980) , using isotopic ox ygen e 5 0) with positron emission tomography (PET), have demonstrated reductions of both CBF and CMROz with increasing age in the cerebral gray matter of volunteers ranging in age from 26 to 74 years. No age-related changes could be detected in the cerebral white matter. Frackowiak et al. (1983) later stressed the importance of estimating the frac tional extraction of oxygen (regional oxygen ex traction ratio, rOER) from the arterial blood, using 15 0 inhalation and PET to demonstrate how a fall in regional CBF with aging is compensated for by an increase in rOER, so that the CMR02 is main tained within normal limits. They argued that if the process of vascular readjustment (arteriolar vaso dilatation and/or recruitment of cerebral capillaries) is compromised by atheromatous disease, an in crease in oxygen extraction is the only mechanism left to the brain to accommodate further demand. Smith et al. (1980) have shown that in normally aged rats, the most significant reduction in CMRG was up to the twelfth month of life, and more i n the parietal cortex, areas concerned with vision and au dition, and in the caUdate-putamen. Because of the close coupling between local glucose utilization and functional activity in that area, the [ 14 CJ2-deoxyglu-cose ([14C]2DG) method has proved useful for the identification of regions in the nervous system with altered functional activity in other pathological or even physiological and pharmacological states (So koloff, 1977) . These morphological data correlate with the EEG finding of increased slow waves and reduced a-rhythm in such patients compared with normal aged (Obrist et al., 1963) . This decline in the parameters of brain circulation, neuron count, and EEG is reflected by a disorder of intellectual func tion, particularly by the speed of behavior and cog nition (Birren et al., 1963) . A psychological retest (mainly using the Wechsler Bellevue Intelligence Scale) after a lapse of -7 years showed a fall in the score in 24 of 29 aged subjects of the original NIMH study (Birren, 1968) . Duara et al. (1983) employed PET scanning with (1983) confirmed these findings in a larger number of resting healthy men subjected to sensory depri vation, but found that regional functional activities in the frontal and parietal lobes, though frequently correlating with each other, were rather indepen dent of activities in the temporal and occipital lobes and in some large subcortical nuclei. In the caudate nucleus in particular, which becomes smaller with age, there was a reduction in the regional CMRG.
U sing the same method of regional CMRG estima tion, Metter et al. (1983) found that a younger group of patients (aged 24-49 years) had a greater number of significant regional intercorrelations than did an older group (aged 50-78 years). In the elderly, there were more intercorrelations between the superior frontal, parietal, and occipital regions, areas con cerned with memory, recognition, and decision cri teria. The authors suggest that "by relying on these more limited relationships, the older brain may compensate for dwindling brain reserves," such as is evidenced by atrophy. Shefer (1973) computed an overall loss of 20% in the cerebral neurons in aged compared with young subjects. Scheibel et al. (1975) showed a marked decrease in the dendritic spines, i.e., the synapses, of this type (Frackowiak et al., 1981) The CBF studies of Schieve and Wilson (1953) appear meritorious (a) in demonstrating a lack of significant difference in CBF and CMR02 in healthy people with mean ages of 29, 40, and 64 years, and (b) in first suggesting two types of de mentia on the basis of the reactivity of the brain's blood vessels to CO2, Where the cerebral circula tion and metabolism responded to inhaled CO2, a dementia due to disease of the brain's vessels was postulated; where they did not respond to the va sodilating effect of CO2, a primary degenerative dis ease of the brain was suggested. As Hoyer (1982a,b) has so well reviewed it, the most common and most important form of degenerative dementia is the Alzheimer type of presenile or senile de mentia; the secondary or vasogenic dementia is best understood as a multiinfarct process. Although all investigators have not reported uniform findings in these two major types of dementia, Yamaguchi et al. (1980) confirmed the original observations of Schieve and Wilson (1953) by detecting a reduced cerebral vasodilator response to CO2 in multiinfarct dementia but not in Alzheimer's disease. Ingvar et al. (1978) , studying regional CBF pat terns, found that in multi-infarct dementias the flow was reduced without any appreciable regional lo calization, whereas in Alzheimer's disease there was a selectively greater decrease of the flow in frontal areas and in the postcentral regions. On the whole, degenerative changes in the brain seem to be responsible for �60% of all cases of dementia, the multiinfarct type of cerebrovascular disorder alone for �25% and a combination of both these processes for the remainder (Tomlinson, 1980; Hoyer, 1982a) .
Utilizing 18 PDG, Kuhl et al. (1983) estimated local CMRG in elderly patients with depression, multiple infarct dementia, and Alzheimer's disease, and compared it with those in age-matched normal controls. On the average, global CMRG was normal in depression, was reduced by 17% in multiinfarct dementia and 33% in Alzheimer's disease, and was lowest in the most severely demented patients. There was also a correlation of these physiological findings with the computed tomography (CT) scan. In all five depression patients, who were on anti depressant medication, Broca's area on the left was less metabolically active than on the right, and the left sylvian fissure was larger on the CT scan. All multiinfarct dementia patients had prior CT evi dence of small old infarcts; and the 18 PDG scan re vealed scattered metabolic defects in cortex, cau date, thalamus, white matter, and cerebellum. The average decrease in zonal metabolism in patients with Alzheimer's disease was 47% in parietal and external occipital cortex, 28% in frontal, temporal, and medial occipital cortex, and only 12% in cau date and thalamus. Thus, the 18 PDG scans in Alz heimer's disease reflected a neuronal degeneration, that was most severe in the association cortex. The authors concluded that their findings supported the premise that cerebral metabolic patterns can be dis tinctive among normal, depressed, and demented elderly persons. In an investigation also using the combined methods of CT and PET with 18 PDG, de Leon et al. (1983) advanced the notion that in the normal aged (mean age 67 years), structural brain changes (reflected by ventricle-to-brain ratios in CT scans) may be more salient than biochemical changes evidenced by PET, and that although both occurred in patients with senile dementia of the Alz heimer type (mean age 73 years), the biochemical changes were more marked. On the whole, they did not find changes in glucose metabolism in normal aging, and consider these findings consistent with other investigations on oxygen metabolism in the normal aged.
Another significant contribution from Sokoloff's laboratory, with the quantitative autoradiographic method developed by them but using [ 14 C]leucine, has been the description of the effect of aging on local rates of cerebral protein synthesis in rats . There was a significant de crease of � 17% in the rate of protein synthesis (measured as nmol Leu incorporated/g/min) in aged rats (15-23 months old) as compared with that in younger rats (6 months old). Of 39 individual struc tures of the brain in which rates of protein synthesis were determined, 15 showed significant age-related reductions. The more striking reductions were in areas concerned with the sensory, extrapyramidal, and limbic systems and in the locus ceruleus. These findings in protein synthesis were similar to the age related changes in local rates of glucose utilization in rats reported earlier by Smith et al. (1980) . Ingvar et al. (1983) suggest that the reduced protein syn thesis in sensory cortices may reflect degenerative changes in the peripheral sense organs, which in the substantia nigra may be related to decreased glu cose utilization in the caudate, and which in the locus ceruleus may be related to a depletion of neu rons in it or of their ascending catecholaminergic projections.
In a comprehensive review of the changes in neu rotransmitters, nucleic acids, proteins, and pig ments of the brain in aging, Mann and Yates (1982) conclude that (a) with aging there are alterations in the structure and function of nucleic acids, partic ularly deoxyribonucleic acid, leading to a progres sive decrease "in the fidelity of protein synthesis, " and (b) changes in monoamine-containing neurons hold the key to brain senescence. Although this ar ticle deals more with dementia, another excellent review (Rossmann, 1982) describes the sequelae of cerebral ischemia from the hemodynamic, neu rophysiological, morphological, and biochemical views, stressing the difference between global and regional ischemia.
It appears that (a) the newer methods used on human subjects and experimental animals of dif ferent ages confirm our findings from the 1950s that no parameter of brain blood flow and metabolism is disturbed in normal aging except a small but sig nificant fall in the brain's utilization of glucose, and (b) senile dementia, representing abnormal cerebral aging, can result from the operation of either de generative or the cerebrovascular pathogenetic fac tors or from both these fa ctors operating together. 
